The tropical gar (Atractosteus tropicus) is an economically and socially important freshwater fish species from southeastern Mexico, with high aquaculture potential.
| INTRODUCTION
Populations of the tropical gar (Atractosteus tropicus, Gill 1863), a native species of southeastern Mexico, have undergone a major decline due to overexploitation and habitat loss. Several studies have been performed over the past 30 years on the reproduction and zootechnical nutritional aspects of these species, including protein, lipid, and energy requirements using balanced and live food sources (Márquez-Couturier et al., 2006) . These results have been applied to the production of fry and their feeding in aquaculture systems (Álvarez-González, Marquez-Couturier, Contreras-Sanchez, & Rodrıguez-Valencia, 2007) . Additional studies have addressed the development of digestive enzymes to better understand the ontogenetic functional-morphological changes in the digestive system, using biochemical and histological techniques. These have led to the identification of various digestive enzymes in relation to feeding habits and physiological and metabolic processes that are unique during the transition from larval development to the juvenile state (Frías-Quintana et al., 2015; Guerrero-Zárate et al., 2014) . During the larval stages, fish require a high amount of nutrients for optimal development and survival (Hamre et al., 2013) ; at this time, lipids are the primary energy source, fuelling the development of larvae into juveniles (Tocher, 2003) . Lipids, including phospholipids, are also the primary building blocks for the construction of cell membranes required during the production of somatic tissues (Chou & Shiau, 2001; Lee, Jeon, & Lee, 2003) . Therefore, lipids rank second after proteins as the most important nutrients, since they provide up to twice as much energy relative to other macronutrients. Lipids are thus essential for growth and energy provision, and understanding lipid requirements may contribute to achieve improved survival in larviculture of many fish species (Izquierdo et al., 2003; Watanabe, Hisatake, & Fujimori, 2015) .
In this context, various genes play a key role in lipid metabolism, such as those that encode acetyl-CoA carboxylase (ACC1), fatty acid synthase (FAS), and carnitine palmitoyl transferase 1 (CPT1C), which regulate the biosynthesis and oxidation of fatty acids (FA) (Strable & Ntambi, 2010) . For example, ACC1 is essential for the metabolic balance between carbohydrates and fats (Barber, Price, & Travers, 2005) . Under normal conditions, ACC1 contributes to regulate the metabolism of FA by producing intermediate molecules such as malonyl-CoA, which provides energy to the cell via the citric acid cycle (Tong, 2012) . Fatty acid synthase is a multifunctional enzyme that catalyses FA biosynthesis (lipogenesis) in the cytoplasm of adipocytes and hepatocytes (Liu et al., 2015) . Finally, CPT1C is a brainspecific enzyme involved in the regulation of ketogenesis (production of ketonic bodies during fat metabolism) (Lee & Wolfgang, 2012; Lopes-Marques et al., 2015; McPherson & McEneny, 2012) , and plays a crucial role in -oxidation of FA, facilitating the initial step in the transfer of acyl to the mitochondrial matrix (Price et al., 2002; Toral et al., 2015) .
Relatively few studies on lipogenic genes in fish address the characterization and tissue-specific distribution of CPT1; these have been conducted in rainbow trout (Oncorhynchus mykiss, Walbaum 1792) (Gutierres, Damon, Panserat, Kaushik, & Medale, 2003) and yellow catfish (Pelteobagrus fulvidraco, Richardson 1846) (Cheng et al., 2011) . To our knowledge, no studies are currently available on the expression of genes that play a major role in lipid metabolism in the Lepisosteidae family.
Therefore, the present study examined the expression in various organs of three genes that encode enzymes involved on lipid metabolism in the adult stage of A. tropicus, and advance our understanding about the regulation of these genes during the early ontogeny of this species.
| MATERIALS AND METHODS

| Adults and larvae
To perform this study, 20 A. tropicus males (0.55-0.58 kg wet weight, WW and 30-35 cm total length) were kept at the facilities of the Tropical Aquaculture Laboratory of DACBiol-UJAT. They were maintained in polyethylene tanks 1.94 m in diameter by 0.70 m in height, and fed the rainbow trout diet (45% protein and 16% fat, El Pedregal® Silver Cup, Toluca, Mexico) with particle diameters ranging between 5.5 and 9.0 mm. Males were sacrificed using cold thermal shock (at −4°C) after 24 hr of fasting, and subsequently dissected on ice to obtain brain, liver, white muscle, kidney, testis, gill, and heart tissues from each individual. A total of 450 A. tropicus embryos were obtained from induced spawning of one female (3.5 kg WW) and three males (1.5 kg mean WW), using an injection of LHRHa (35 g kg of fish -1 ). After spawning (16 hr posthormonal induction), broodstock were removed from the tank, and the adhesive eggs were maintained in the tank until they hatched (3 days postfertilization at 29°C; 0 days after spawning). Yolk-sac larvae were transferred to three 70-L plastic tanks (150 larvae per tank) connected to a recirculating system. The latter was driven by a 3/4 HP centrifuge pump (Jacuzzi, JWPA5D-230A, Delavan WI), and comprised of a 1,500-L reservoir connected to a biological filter, a sand filter (STA-RITE, S166T, Delavan WI), and two titanium heaters (PSA, R9CE371, Delavan WI). The system's water quality was monitored daily during the 31 days of larviculture, recording (mean ± SD): temperature (28.0 ± 0.7°C), dissolved oxygen (5.9 ± 0.6 mg/L), and pH (7.1 ± 0.3), which were measured with an oxymeter (YSI 85, OH) and a pH meter respectively (HANNA HI 991,001, Romania, Europe). After yolk absorption (3 days after hatching, DAH), when larvae start to feed, they were fed five times per day (at 8:00, 11:00, 13:00, 15:00, and 18:00 hr), where the first 10 days were supplied Artemia nauplii (2 g of newly hatched cysts) daily, which increased according to the consumption and growth of the larvae. From 11 to 13 DAH, they were provided with a cofeeding of Artemia nauplii and trout feed (Silver Cup, 52% protein and 16% lipids) and from day 14 DAH, larvae were only provided with trout feed until 30 DAH ( Figure 1 ) Food was provided at apparent satiation and particle size adjusted according to larval growth (250-500, 500-750 and >750 m). Larvae were sampled on different days after hatching (10 larvae per tank): before first feeding, starting from the embryo (considered as 0 DAH), and 5, 10, 15, 20, 25, and 30 DAH. Larvae were removed from each tank, rinsed, and preserved in RNAlater until processing.
| RNA extraction and cDNA synthesis
Extraction of RNA was performed from tissues pooled from 10 larvae per replicate using the Trizol Reagent (Invitrogen, Carlsbad, CA); 1 µg of RNA was used for reverse transcription with iScript TM Select cDNA Synthesis Kit 170-8,896 (Biorad, Hercules, CA). Subsequently, 1 µl of cDNA was used for the polymerase Chain Reaction JIMÉNEZ-MARTÍNEZ ET AL. | 163 (PCR) endpoint. To obtain the partial sequences of Elongation factor 1-alpha (EF1), ACC1, FAS, and CPT1, samples were run in a 96-well thermocycler, using the Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA). Amplification was conducted under the following conditions: 10 min at 95°C, followed by 35 cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 50 s with a 5 min extension at 72°C using degenerate oligonucleotides previously determined from alignment (using Clustal-W software, Infobiogen) of corresponding sequences available in the library from different fish, chicken, and mammalian species (Table 1) . The amplification products were separated on a 1.5% agarose gel stained with ethidium bromide. The bands observed under UV light (Bio-rad® Model Universal Hood II, Hercules, CA) were cut from the gel and purified using the Pure-Link® PCR Purification Kit (Invitrogen). The purified bands were sent to the Synthesis and Sequencing Unit of the Institute of Biotechnology of the Universidad Nacional Autónoma de México (UNAM) to be sequenced.
| Sequence analysis
The partial sequences obtained were edited, analysed using ExPASy translation software to search for the open reading frame (ORF), and then translated to AA sequences using standard genetic codes. The nucleotide sequences were compared with DNA sequences present in the GenBank database network service at NCBI (https://blast.ncb i.nlm.nih.gov/). The phylogenetic tree was generated using neighbour-joining (NJ) methods based on the AA sequence using MEGA 7.0 software. for 5 s. All reactions were performed in duplicate. The normalization of cDNA EF1 was used as a constitutive gene and carried out in parallel with all samples. A standard curve for each pair of primers was generated to estimate amplification efficiencies based on known amounts of cDNA (four serial dilutions corresponding to cDNA transcribed from 100 to 0.1 ng of total RNA). Relative gene expression of tissues and larval growth stages was calculated by the delta-delta method copy threshold (CT) (Pfaffl, 2001 ).
| RNA isolation and quantitative polymerase chain reaction in adult tissues and larvae
| Statistical analysis
The relative expression of FAS, ACC1, and CPT1C among the different tissues of adults and the different DAH of larvae were analysed using the Kruskal-Wallis test. A posteriori Nemenyi tests were performed to determine significant differences among the activities based on age 
| RESULTS
| PCR amplifications and sequencing analysis
The PCR amplification using degenerate primers yielded partial sequences for 360 EF1 bp encoding 120 AA (Figure 2a ); 542 FAS bp encoding 180 AA (Figure 2b) ; 465 ACC1 bp encoding 154 AA (Figure 3a) ; and 544 CPT1C bp encoding 181 AA (Figure 3b ). Sequences were submitted to GenBank (accession number: KT351350, KT351352, KT351353, and KT351354). (Figure 4b) .
| Analysis of phylogenetic distance between sequences
The ACC1 AA sequence in A. tropicus clusters with that of yellow catfish (Tachysurus fulvidraco, Richardson 1846), with a bootstrap value of 88% (Figure 5a ). Finally, the CPT1C AA sequence forms a clade with H. sapiens, M. musculus and brown rat (Rattus norvegicus, Berkenhout 1769), with a bootstrap value of 68% (Figure 5b ).
| Relative expression in adult tissues
Peak FAS expression was detected in liver and mesenteric adipose tissue, compared to white muscle, brain, testis, heart, kidney, and gills ( Figure 6a ). The relative expression profile of FAS mRNA in mesenteric adipose tissue normalized to EF1 was approximately 1-, 1-, 1-, 14-, 28-, 70-, and 140-fold higher than levels in liver, white muscle, brain, testicle, heart, kidney, and gill respectively.
For ACC1, peak relative expression levels were detected in liver and mesenteric adipose tissue relative to white muscle, brain, testis, heart, kidney, and gills (Figure 6b ). The relative expression profile of ACC1 mRNA in mesenteric adipose tissue normalized to EF1 was approximately 1-, 1-, 2-, 4-, 5-, 60-, and 150-fold higher than levels in liver, white muscle, brain, testicle, heart, kidney, and gill respectively.
Finally, the highest expression level of CPT1C was detected in white muscle relative to testis, brain, heart, liver, mesenteric adipose tissue, kidney, and gill (Figure 6c ). The relative expression profile of CPT1C mRNA in white muscle normalized to EF1 was approximately 1-, 1-, 2-, 2-, 2-, 7-, and 14-fold higher than levels in testis, brain, heart, liver, mesenteric adipose tissue, kidney, and gill respectively. 
| Relative expression in larvae
The expression of FAS was first detected in the embryo (0 DAH), and showed significant differences (p < 0.05) as a function of age.
The lowest expression level was detected at 5 DAH, peaking at 15 DAH, decreasing thereafter to the end of the larval period (30 DAH) ( Figure 7a ). Two significant ACC1 expression peaks (p < 0.05) occurred at 0 and 15 DAH, then decreasing at 30 DAH ( Figure 7b ). Carnitine palmitoyl transferase 1 and FAS showed similar expression patterns, with peak levels (significant at p < 0.05) at 0 and 15 DAH, followed by a decrease at 30 DAH (Figure 7c ).
| DISCUSSION
| Characterization of lipogenic genes in tissues of A. tropicus
In the present study, ACC1 and FAS showed the highest relative gene expression levels in the mesenteric adipose tissue and liver of A. tropicus adults, indicating that these tissues are the main lipogenic tissues in this species; this has also been reported for mammals (Mildner & Clarke, 1991; Qiao et al., 2014) , and in other fish species such as yellow catfish (Zheng, Lou, Zhu, Tan, et al., Zheng, Luo, Zhu, Tan, et al., 2013) , and grass carp (Cheng et al., 2011; Leng et al., 2012) . In this sense, regulation is closely related to the dietary lipid:
protein ratio, which suppresses lipogenesis when it is biased towards lipids (Shimeno, Hosokawa, & Shikata, 1996; Shimeno, Kheyali, & Shikata, 1995a; Tang et al., 2013) , whereas a high bias towards carbohydrates increases lipogenesis from glucose (Brauge, Corraze, & Medale, 1995; Polakof, Panserat, Soengas, & Moon, 2012; Shimeno, Kheyali, & Shikata, 1995b) . Previous reports in Nile tilapia (Oreochromis niloticus, Linnaeus 1758) and grass carp show that the inhibition of FAS gene expression is related to high lipid levels in the diet (Ma et al., 2009; Wang et al., 2010) .
Studies on ACC1 gene in adult grass carp report its expression in tissues such as brain, mesenteric adipose tissue, spleen, white muscle, and liver, showing higher expression levels in liver, as previously reported in mammals (Cheng et al., 2011) . Other studies report a high ACC1 activity in liver and adipose tissues of rainbow trout (O. mykiss), where its activity in various tissues is downregulated by high dietary lipid levels; the opposite occurs under high dietary carbohydrate levels (Rollin, Medale, Gutieres, Blanc, & Kaushik, 2003) . Studies on the differential expression of ACC1 and FAS genes in yellow catfish tissues show the highest expression in liver and mesenteric adipose tissue (Zheng, Lou, Zhu, Tan, et al., Zheng, Luo, Zhu, Tan, et al., 2013) . In mammals, ACC1 is expressed during lactation in liver, adipose tissue, and mammary glands (Guiu-Jurado et al., 2015) .
Acetyl-CoA carboxylase and FAS enzymes are related to the de novo synthesis of lipids that can be used in beta-oxidation for ATP synthesis (Barber et al., 2005) .
On the other side, CPT1C is one of the main enzymes involved in energy metabolism through the oxidation of FA (Barber et al., 2005; Kerner & Hoppel, 2000) . In the present study, the relative expression pattern of CPT1C in tissues showed differences relative to ACC1 and FAS genes, showing a higher expression in white muscle tissue. To note, the CPT1C gene is rarely reported in fish, although it is very common in mammals (Lopes-Marques et al., 2015) . In addition, CPT1C shows an AA sequence closely similar to F I G U R E 5 Phylogenetic tree base on the protein sequences of genes (a) ACC1 (acetyl-CoA carboxlase alfa) and (b) CPT1C (carnitine palmitoyltransferase 1C) from A. tropicus and other vertebrate species using the NJ method. Values at branch-points represented percentage frequencies for tree topology after 1,000 interations JIMÉNEZ-MARTÍNEZ ET AL. . The present study shows that muscle, testis, brain, and heart of A. tropicus are seemingly adapted to use metabolism energy derived from fatty acid oxidation.
| Expression of lipogenic genes in A. tropicus larvae
This study is the first to document the relative expression of FAS, the development profiles of transcripts are regulated primarily by age during the early stages (endogenous feeding), and then by exogenous diet in later developmental stages (Cai, Xie, Mai, & Ai, 2015) . Other studies in rainbow trout alevins during the shift from endogenous to exogenous feeding show that the expression of genes encoding the lipolytic enzymes CPT1A and CPT1B decreases as ontogeny proceeds, a result consistent with the progressive switch from the utilization of lipid reserves in endogenously feeding fry to the use of exogenous feeds (Mennigen, Skiba-Cassy, & Panserat, 2013) . Additionally, studies in Atlantic bluefin tuna (Thunnus crocea, Linnaeus 1758) focused on first-feeding larvae fed different live prey show differences in the expression patterns of genes encoding lipid metabolism enzymes (including FAS and CPT1) related to prey type, which were attributed to differences in lipid and FA composition of prey (Betancor, Ortega, Gándara, Tocher, & Mourente, 2016) .
In the present study, the peak expression of FAS and ACC1
genes was observed at 0 DAH, likely related to the high amount of lipids and carbohydrates in the yolk sac during the embryonic stage (Aguilera, Mendoza, Iracheta, & Márquez, 2012) , and is consistent with previous reports in zebra fish embryos, showing that lipogenic genes (Fad, Elov12, and Elov15) are detected from the zygote stage (Monroig et al., 2010) ; separately, the expression of ACC1 gene was observed in fertilized eggs of orange-spotted grouper (Epinephelus coioides) (Tang et al., 2013) . (2006) . In mammals, such as mice, an increase in FAS expression levels has been observed during the embryonic stage (Chirala et al., 2003) .
In this study, a low expression of FAS and ACC1 genes was observed between 5 and 10 DAH, followed by a rise at 15 DAH. In this sense, the activation of gene expression at 15 DHA is consistent with the change in food type, with balanced diets showing a higher carbohydrate content relative to live prey. Therefore, the switch in lipid metabolism regulation observed in A. tropicus larvae could be related to the activation of the lipogenic pathway in liver, as well as to the arrangement between hepatocyte cords and pancreatic acinar tissue; Frías-Quintana et al. (2015) reports the full development of
the digestive system and accessory organs at this stage. Thus, the peak expression of FAS and ACC1 genes is detected in liver, muscle, and adipose tissue, consistent with previous reports for species such as grass carp (Cheng et al., 2011) , yellow catfish (Zheng, Luo, Liu, et al., Zheng, Luo, Liu, Chen, et al., 2013) , and Nile tilapia (Wang et al., 2010) , likely related to de novo fatty acid synthesis in the transcriptional regulation of phospholipids (Hofbauer et al., 2014) . In addition, in the present study, the increasing expression of FAS, ACC1, and CPT1C genes at 15 DAH could be related to the end of organogenesis, as reported for other fish species (Darias et al., 2013; Douglas, Mandla, & Gallant, 2000) . Additionally, Comabella et al. (2006) found that digestive lipase activity increases between 12 and 14 DAH in A. tristoechus, likely related to the development of the exocrine pancreas, lipid mobilization, and the increasing ability to digest lipids from food, as found in A. tropicus (Frías-Quintana et al., 2015) .
In this study, the relative expression of the CPT1C gene followed the same pattern as in ACC1 and FAS genes, with higher expressions at 0 and 15 DAH; these findings may be due to the morpho-physiological changes occurring during juvenile stages of A. tropicus, as reported by Frías-Quintana et al. (2015) , and to meet the metabolic energy demand of larvae. The CPT1C gene is considered a specific mammalian gene; however, Cpt1a2 (nonmammalian CPT1C) is a highly divergent orthologue that has a similar loci composition as a result from a duplication event in the teleost ancestor (Lopes-Marques et al., 2015) . In this sense, this gene is expressed primarily in the hypothalamus, although residual levels may also occur in the ovary, testis and intestine, as previous reported (Desvergne, Michalik, & Wahli, 2006) , and has been found in the present study in different tissues of adults males. This isoform participates in whole-body glucose homeostasis in mammalian species (Price et al., 2002) . Thus, A. tropicus maximizes the fatty acidoxidation pathway to produce energy to meet the demand of morphological and functional changes that precede the juvenile stage (Albalat, Gutiérrez, & Navarro, 2005; Mennigen et al., 2013; Tocher, 2003) .
Based on our results it can be concluded that FAS and ACC1 genes in A. tropicus are expressed primarily in mesenteric adipose tissue and liver, while CPT1C is expressed mainly in white muscle.
These genes are also highly expressed at two embryonic development time points, namely 0 DAH, at the end of embryogenesis and beginning of yolk-sac absorption, and 15 DAH, during liver organogenesis, where the latter becomes the main organ involved in lipid synthesis, storage and use to meet the metabolic energy demand.
Further research on lipid metabolism in cultured fish during the early life history stages is required to determine the effects of changes in levels and composition of dietary FA, and the regulation of genes involved in lipid bioconversion.
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